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F i n a l  R e p o r t  
N A S A  R e s e a r c h  G r a n t  No. NAGW-448 
J u n e  1 9 8 3  t o  S e p t e m b e r  1 9 8 5  
P r i n c i p a l  I n v e s t i g a t o r :  W a l l a c e  E .  V a n d e r  V e l d e  
D e p a r t m e n t  o f  A e r o n a u t i c s  a n d  
M a s s a c h u s e t t s  I n s t i t u t e  o f  T e c h n o l o g y  
C a m b r i d g e ,  M A  0 2 1 3 9  
A s t r o n a u t i c s  
W a l l a c e  E .  V a n d e r  V e l d e  
F e b r u a r y  1 2 ,  1 9 8 7  
A R E S E A R C H  P R O G R A M  I N  A D V A N C E D  INFORMATION SYSTEMS 
I n t r o d u c t i o n  
N A S A  R e s e a r c h  G r a n t  No. NAGW-448. T h i s  was a b l o c k  g r a n t ,  
a c t i v e  o v e r  t h e  p e r i o d  J u n e  1, 1 9 8 3  t o  S e p t e m b e r  30, 1 9 8 5 ,  
w h i c h  s u p p o r t e d  a n u m b e r  o f  r e s e a r c h  t a s k s  d e a l i n g  w i t h  
c o m p u t a t i o n a l  i s s u e s  o f  i m p o r t a n c e  t o  N A S A .  
T h i s  p r o g r a m ,  c o n d u c t e d  j o i n t l y  b y  t h e  M a s s a c h u s e t t s  
I n s t i t u t e  o f  T e c h n o l o g y  a n d  t h e  C h a r l e s  S t a r k  D r a p e r  
L a b o r a t o r y ,  I n c . ,  was p a r t  o f  a N A S A  i n i t i a t i v e  i n  c o m p u t e r  
s c i e n c e  a n d  t e c h n o l o g y  w h i c h  r e f l e c t s  t h e  g r o w i n g  i m p o r t a n c e  o f  
t h i s  d i s c i p l i n e  i n  a i r c r a f t  and s p a c e c r a f t  d e s i g n  a n d  
o p e r a t i o n s  r e l a t i v e  t o  t h e  t r a d i t i o n a l  a e r o s p a c e  d i s c i p l i n e s  
w h i c h  N A S A  h a s  l o n g  e m p h a s i z e d .  T h e  m a j o r  o b j e c t i v e s  s t a t e d  
f o r  t h i s  i n i t i a t i v e  w e r e :  
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T h i s  i s  t h e  f i n a l  r e p o r t  o f  t h e  w o r k  a c c o m p l i s h e d  u n d e r  
- I m p r o v e  c o m p u t e r  p e r f o r m a n c e  
- E n h a n c e  c o m p u t e r  f a u l t  t o l e r a n c e  - A s s u r e  c o r r e c t n e s s  o f  e x e c u t e d  s o f t w a r e  - E x t e n d  o u r  a b i l i t y  t o  d e a l  w i t h  c o m p l e x i t y  
A s t a t e d  p u r p o s e  o f  t h e  u n i v e r s i t y  p o r t i o n  o f  t h e  p r o g r a m  was 
t o  d e v e l o p  c a p a b i l i t y  a s  w e l l  a s  r e s e a r c h  r e s u l t s .  T o w a r d  t h a t  
e n d ,  i n v o l v e m e n t  o f  s t u d e n t s  i n  r e s e a r c h  a c t i v i t i e s ,  
i n t e r a c t i o n s  among d e p a r t m e n t s  a n d  r e s e a r c h  l a b o r a t o r i e s ,  a n d  
c o o p e r a t i o n  among u n i v e r s i t i e s ,  i n d u s t r y ,  a n d  t h e  N A S A  c e n t e r s  
w e r e  s p e c i f i c a l l y  e n c o u r a g e d .  
D e s c r i D t i o n  o f  t h e  P r o a r a m  
M I T  a n d  CSDL o r g a n i z e d  a p r o g r a m  o f  r e s e a r c h  w h i c h  
a d d r e s s e s  a l l  o f  t h e  o b j e c t i v e s  c i t e d  a b o v e .  I t  i n v o l v e d  
p e r s o n n e l  f r o m  t h r e e  d e p a r t m e n t s  a t  M I T  a n d  t w o  g r o u p s  a t  CSDL. 
T h e  r e s e a r c h  t o p i c s  w e r e  a s  f o l l o w s :  
- I d e n t i f i c a t i o n  o f  L a r g e  S p a c e  S t r u c t u r e  D y n a m i c s  
- S p e c i a l  - P u r p o s e  A r c h i t e c t u r e s  f o r  CFD 
- F a u l t - T o l e r a n t  P r o c e s s o r  A r c h i t e c t u r e s  
- D a t a f l o w  T e c h n i q u e s  - S o f t w a r e  S p e c i f i c a t i o n  a n d  V e r i f i c a t i o n  T o o l s  - Management  o f  S o f t w a r e  D e v e l o p m e n t  
- The  S o f t w a r e  E n v i r o n m e n t  f o r  C o n c u r r e n t  C o m p u t i n g  
- P a r a l l e l  A l g o r i t h m s  and A r c h i t e c t u r e s  f o r  t h e  S o l u t i o n  
o f  P a r t i a l  D i f f e r e n t i a l  E q u a t i o n s  
T h e  o b j e c t i v e  o f  i m p r o v e d  c o m p u t e r  p e r f o r m a n c e  i s  a d d r e s s e d  b y  
w h i c h  d e a l t  w i t h  c o m p u t e r  c o n f i g u r a t i o n s  w h i c h  o f f e r  h i g h  
t h r o u g h p u t  a s  w e l l  a s  f a u l t  t o l e r a n c e ,  a n d  b y  t h e  t a s k  o n  
. t h e  r e s e a r c h  t a s k  o n  F a u l t - T o l e r a n t  P r o c e s s o r  A r c h i t e c t u r e s ,  
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C o n c u r r e n t  C o m p u t i n g .  T h e  o b j e c t i v e  o f  c o m p u t e r  f a u l t  
t o l e r a n c e  i s  a d d r e s s e d  b y  t h e  r e s e a r c h  o n  F a u l t - T o l e r a n t  
P r o c e s s o r  A r c h i t e c t u r e s  and  t h e  t a s k  o n  D a t a f l o w  T e c h n i q u e s .  
One o f  t h e  m o t i v a t i o n s  f o r  t h i s  w o r k  o n  D a t a f l o w  was t h e  
p o t e n t i a l  o f  t h a t  m e t h o d o l o g y  f o r  s p e c i f y i n g  f a u l t - t o l e r a n t  
c o m p u t a t i o n a l  s t r u c t u r e s .  The o b j e c t i v e  o f  s o f t w a r e  
c o r r e c t n e s s  i s  a d d r e s s e d  b y  t h e  r e s e a r c h  t a s k  o n  S o f t w a r e  
S p e c i f i c a t i o n  a n d  V e r i f i c a t i o n  T o o l s ,  a n d  i n d i r e c t l y  b y  t h e  
t a s k  o n  S o f t w a r e  D e v e l o p m e n t  Management ,  a s  o n e  o f  t h e  
p r i n c i p a l  m a n a g e m e n t  q u e s t i o n s  i s  t h e  i s s u e  o f  p e r s o n n e l  
a s s i g n m e n t s  d u r i n g  t h e  s o f t w a r e  d e b u g g i n g  p r o c e s s .  T h e  
o b j e c t i v e  o f  i m p r o v e d  a b i l i t y  t o  d e a l  w i t h  c o m p l e x i t y  i s  
a d d r e s s e d  b y  t h e  r e s e a r c h  t a s k  o n  S p e c i a l - P u r p o s e  A r c h i t e c t u r e s  
f o r  C F D  a n d  t h e  t a s k  o n  P a r a l l e l  A l g o r i t h m s  f o r  t h e  S o l u t i o n  o f  
P a r t i a l  D i f f e r e n t i a l  E q u a t i o n s .  T h e s e  c o m p u t a t i o n s  a r e  among 
t h e  m o s t  c o m p l e x  t h a t  a r i s e  i n  t h e  d e s i g n  a n d  o p e r a t i o n  o f  
a i r c r a f t  a n d  s p a c e c r a f t .  
L a r g e  S p a c e  S t r u c t u r e  D y n a m i c s  was t o  u s e  t h i s  i m p o r t a n t  
f u n c t i o n  a s  a r e f e r e n c e  f o r  t h e  w o r k  o n  c o m p u t e r  a r c h i t e c t u r e s .  
S y s t e m  i d e n t i f i c a t i o n  i s  p e r h a p s  t h e  m o s t  c o m p u t e r  i n t e n s i v e  
a s p e c t  o f  s p a c e c r a f t  c o n t r o l  and t h u s  i t  s e r v e s  a s  a n  e x c e l l e n t  
r e q u i r e m e n t  f o r  t h e  t h r o u g h p u t  c a p a b i l i t y  o f  c o m p u t e r  
a r c h i t e c t u r e s  w h i c h  a r e  a l s o  f a u l t  t o l e r a n t .  A l s o ,  a s  s o f t w a r e  
d e v e l o p m e n t  p r o j e c t s  become more a n d  m o r e  c o m p l e x ,  t h e  q u e s t i o n  
o f  how b e s t  t o  manage  t h i s  p r o c e s s  t a k e s  o n  i n c r e a s i n g  
s i g n i f i c a n c e .  I t  i s  n o t  o b v i o u s ,  f o r  e x a m p l e ,  a t  w h a t  s t a g e s  
o f  a p r o g r a m  t h e  i n f u s i o n  o f  a d d i t i o n a l  p e r s o n n e l  r e s u l t s  i n  
i m p r o v e d  p e r f o r m a n c e  on a p r o j e c t  w h i c h  i s  r u n n i n g  b e h i n d  
s c h e d u l e .  I t  i s  i s s u e s  s u c h  a s  t h i s  w h i c h  w e r e  i n v e s t i g a t e d  i n  
t h e  r e s e a r c h  t a s k  o n  Management  o f  S o f t w a r e  D e v e l o p m e n t .  
w e r e  h e l d  w h i c h  i n v o l v e d  p a r t i c i p a n t s  i n  t h e  p r o g r a m  a t  M I T  a n d  
CSDL a s  w e l l  a s  t h e  N A S A  T e c h n i c a l  M o n i t o r  a n d  i n t e r e s t e d  
p e o p l e  f r o m  some o f  t h e  N A S A  C e n t e r s .  The  f i r s t  was a k i c k o f f  
m e e t i n g  h e l d  a t  t h e  M I T  E n d i c o t t  H o u s e  i n  Dedham, 
M a s s a c h u s e t t s ,  J u n e  1 5  - 1 7 ,  1983.  The  C e n t e r s  r e p r e s e n t e d  a t  
t h i s  m e e t i n g  i n c l u d e d  M S F C ,  LaRC, J P L ,  K S C ,  a n d  GSFC. The  
d i s c u s s i o n  a t  t h i s  m e e t i n g  was l i m i t e d  p r i m a r i l y  t o  t h e  
r e s e a r c h  a c t i v i t y  p l a n n e d  u n d e r  t h i s  p r o g r a m .  T h e  s e c o n d  
m e e t i n g  was h e l d  a t  L a n g l e y  R e s e a r c h  C e n t e r ,  A u g u s t  2 9  - 3 1 ,  
1 9 8 4 .  A l l  o f  t h e  C e n t e r s  c i t e d  a b o v e  w e r e  r e p r e s e n t e d  a t  t h i s  
m e e t i n g  a s  w e l l ,  and  i n  a d d i t i o n ,  R o b e r t  V o i g t  o f  I C A S E  was i n  
a t t e n d a n c e .  A b o u t  h a l f  o f  t h e  a g e n d a  o f  t h i s  m e e t i n g  was 
d e v o t e d  t o  r e p o r t s  o n  c o m p u t e r  s c i e n c e  a c t i v i t i e s  a t  t h e  
c e n t e r s  r e p r e s e n t e d .  T h i s  s e r v e d  t h e  d e s i r e  o f  t h e  P r o g r a m  
T e c h n i c a l  M o n i t o r  f o r  g o o d  c o m m u n i c a t i o n  among t h e  i n t e r e s t e d  
p e o p l e  a t  t h e  C e n t e r s ,  i n  H e a d q u a r t e r s ,  and  t h o s e  p a r t i c i p a t i n g  
i n  t h e  r e s e a r c h  p r o g r a m .  
T h e  m o t i v a t i o n  f o r  t h e  r e s e a r c h  t a s k  o n  I d e n t i f i c a t i o n  o f  
F o r  t h e  p u r p o s e s  o f  p l a n n i n g  a n d  r e p o r t i n g ,  t w o  m e e t i n g s  
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D i s c u s s i o n  o f  t h e  R e s e a r c h  T a s k s  
e a c h  o f  t h e  r e s e a r c h  t a s k s  a r e  g i v e n .  T h e  r e s p o n s i b l e  p e r s o n s  
a r e  i d e n t i f i e d  a n d  p u b l i c a t i o n s  r e s u l t i n g  f r o m  t h e  w o r k  a r e  
c i t e d .  T h e  p u b l i c a t i o n s  a r e  more  f u l l y  i d e n t i f i e d  i n  t h e  
P u b 1  i c a t i o n s  s e c t i o n  w h i c h  fo’31ows. 
I n  t h i s  s e c t i o n ,  b r i e f  r e p o r t s  o f  t h e  w o r k  a c c o m p l i s h e d  i n  
I d e n t i f i c a t i o n  o f  L a r g e  Space  S t r u c t u r e  D y n a m i c s  - -  T h i s  
r e s e a r c h  t a s k  was u n d e r  t h e  d i r e c t i o n  o f  P r o f e s s o r  W i l l i a m  S .  
W i d n a l l  o f  t h e  M I T  D e p a r t m e n t  o f  A e r o n a u t i c s  a n d  A s t r o n a u t i c s .  
A s s i s t i n g  i n  t h e  w o r k  was g r a d u a t e  s t u d e n t  R e s e a r c h  A s s i s t a n t  
J a n i c e  V o s s .  T h e  p u r p o s e  o f  t h i s  t a s k  was t o  p r o v i d e  a 
r e a l i s t i c  r e f e r e n c e  p o i n t  f o r  t h e  c o m p u t a t i o n a l  r e q u i r e m e n t s  o f  
s p a c e c r a f t  o f  t h e  f u t u r e .  
B o t h  N A S A  a n d  t h e  A i r  F o r c e  a r e  l o o k i n g  f o r w a r d  t o  
d e p l o y i n g  v e r y  l a r g e  a s s e m b l i e s  i n  s p a c e  i n  t h e  y e a r s  a h e a d .  
T h e s e  may b e  l a r g e  o p t i c a l  s u r f a c e s ,  l a r g e  a n t e n n a s ,  l a r g e  
a r r a y s  o f  s o l a r  c e l l s ,  o r  l a r g e  s t r u c t u r e s  i n c o r p o r a t i n g  m o r e  
t h a n  o n e  o f  t h e s e  e l e m e n t s .  An e x a m p l e  o f  t h e  l a t t e r  i s  t h e  
S p a c e  S t a t i o n  w h i c h  N A S A  h a s  i d e n t i f i e d  a s  a p r i o r i t y  
o b j e c t i v e .  T h e s e  a s s e m b l i e s  w i l l  n e c e s s a r i l y  b e  l i g h t  i n  
w e i g h t  a n d  w i l l  h a v e  l i t t l e  i n h e r e n t  r i g i d i t y .  T h e  common 
c o n c e p t  i s  t h a t  t h e s e  s t r u c t u r e s  w i l l  r e q u i r e  a c t i v e  c o n t r o l  
n o t  o n l y  f o r  s t a t i o n  k e e p i n g  and a t t i t u d e  c o n t r o l ,  b u t  a l s o  f o r  
d a m p i n g  s t r u c t u r a l  v i b r a t i o n  and f i g u r e  c o n t r o l .  
B e c a u s e  o f  t h e  l o w  mass and l i m i t e d  s t r e n g t h  o f  t h e s e  
s t r u c t u r e s  i t  w i l l  n o t  b e  p o s s i b l e  t o  e r e c t  t h e m  o n  t h e  g r o u n d  
i n  t h e  1 g f i e l d  a n d  p e r f o r m  t h e  u s u a l  s e r i e s  o f  s t a t i c  a n d  
d y n a m i c  t e s t s .  One c o n s e q u e n c e  o f  t h i s  i s  t h a t  u p o n  d e p l o y m e n t  
i n  o r b i t  t h e  d y n a m i c  p r o p e r t i e s  o f  t h e  s t r u c t u r e  w i l l  n o t  b e  
w e l l  k n o w n .  An e s t i m a t e  o f  t h e s e  p r o p e r t i e s  w i l l  h a v e  b e e n  
made b y  f i n i t e - e l e m e n t  c o m p u t a t i o n s  o r  o t h e r  means ,  b u t  i t  i s  
t o  b e  e x p e c t e d  t h a t  t h i s  a p r i o r i  m o d e l  w i l l  b e  i n  e r r o r  b y  an  
a m o u n t  s u f f i c i e n t  t o  p r e c l u d e  t h e  p r o p e r  f u n c t i o n i n g  o f  t h e  
a c t i v e  c o n t r o l  s y s t e m .  T h u s  one  m u s t  a n t i c i p a t e  a n  i n i t i a l  
p e r i o d  a f t e r  t h e  s t r u c t u r e  has b e e n  a s s e m b l e d  d u r i n g  w h i c h  
o n - 1  i n e  i d e n t i f i c a t i o n  o f  t h e  d y n a m i c  c h a r a c t e r i s t i c s  o f  t h e  
s t r u c t u r e  w i l l  b e  p e r f o r m e d .  D u r i n g  t h i s  p e r i o d ,  a s i m p l e  
c o n t r o l  s y s t e m  w i l l  b e  e n g a g e d  w h i c h  i s  r o b u s t  w i t h  r e s p e c t  t o  
m o d e l i n g  e r r o r s  a n d  i s  i n t e n d e d  o n l y  t o  m a i n t a i n  l o o s e  c o n t r o l  
o v e r  t h e  s y s t e m  a n d  damp v i b r a t i o n s .  I t  may n o t  b e  p o s s i b l e  t o  
p e r f o r m  t h e  p r i m a r y  m i s s i o n s  o f  t h e  s p a c e c r a f t  d u r i n g  t h i s  
p e r i o d .  H e n c e  t h e r e  i s  a n a t u r a l  m o t i v a t i o n  t o  s h a r e  t h e  
p r i m a r y  o n - b o a r d  d a t a  p r o c e s s o r  b e t w e e n  t h e  i d e n t i f i c a t i o n  t a s k  
i n  t h e  i n i t i a l  t i m e  p e r i o d  and o t h e r  f u n c t i o n s  - -  n o t a b l y  
s c i e n t i f i c  s e n s o r  d a t a  p r o c e s s i n g  - -  d u r i n g  m o s t  o f  t h e  
m i s s i o n .  
s p a c e c r a f t ,  t h e  o n e  t h a t  i m p o s e s  t h e  g r e a t e s t  c o m p u t a t i o n a l  
O f  t h e  s e v e r a l  f u n c t i o n s  a s s o c i a t e d  w i t h  c o n t r o l  o f  a 
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burden is system identification. I f  high performance control 
o f  a flexible space structure is required, it will have to be 
based on an accurate, high-ordered model o f  the spacecraft 
dynamics. Such a model involves hundred of parameters, and the 
task o f  system identification is to estimate the values of 
those parameters based on a body of input-output data. This is 
a parameter estimation problem o f  a high order which has severe 
computational requirements. 
system identification, choosing a form of model for the 
spacecraft dynamics, and selecting the basic form of estimator 
to use as a baseline. There is a large literature on system 
identification but little o f  it is specialized t o  the problem 
o f  large space structure identification. Various forms o f  
state space models having the minimum number o f  parameters are 
available to model 1 inearized system dynamics. Eventually, the 
modal form of state space model was selected because o f  its 
convenient transformation to an autoregressive, moving average 
input-output form used i n  the actual estimation process. 
Parameter estimators based on least squares and maximum 
likelihood theories were reviewed with particular emphasis on 
recursive implementations. The final choice o f  estimator was a 
lattice form o f  the recursive least squares filter. This 
formulation of the estimator has smaller computational 
requirements than other forms and lends itself well to 
approximations which trade reduced computational throughput for 
a longer estimation interval. It is also straightforward to 
organize the required computation in a form that allows 
concurrent processing in a bank o f  parallel computers. 
Exploring the utility of concurrent computing is one o f  the 
objectives of the N A S A  initiative i n  computer science and 
technology. 
o f  the program. The work d i d  not lead to publications during 
that time. 
Initial work concentrated on surveying the literature on 
This research task was pursued only during the first year 
Special-Purpose Architectures for CFD - -  Responsible for 
this research task was Professor William T. Thompkins, Jr., o f  
the MIT Department o f  Aeronautics and Astronautics. Working 
with him were staff member Robert Haimes and student Patrick 
Dirks. This task was designed to produce a methodology for 
defining special purpose computer architectures for 
computational fluid dynamics calculations and integrating 
numerical algorithm development with architecture development. 
The types o f  architecture considered were loosely coupled, 
multiple processors which cooperate on a single CFD task or 
calculation. The distinction between tightly and loosely 
coupled architectures refers to synchronization requirements 
between processors which are largely determined by rules for 
updating global or shared memory variables. In tightly coupled 
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e n v i r o n m e n t s ,  a p r o c e s s  may o n l y  u p d a t e  g l o b a l  memory v a r i a b l e s  
a t  a f i x e d  p o i n t  i n  t h e  c a l c u l a t i o n  s e q u e n c e ;  i n  a l o o s e l y  
c o u p l e d  e n v i r o n m e n t ,  p r o c e s s e s  may u p d a t e  g l o b a l  v a r i a b l e s  o n  a 
n o n - d e t e r m i n i s t i c  b a s i s .  
What  i s  c o m m o n l y  m e a n t  by i n t e g r a t i n g  a l g o r i t h m  a n d  
h a r d w a r e  d e v e l o p m e n t  i s  p a r t i c u l a r  c o d i n g  s t r a t e g i e s  f o r  
p a r t i c u l a r  m a c h i n e s .  F o r  e x a m p l e ,  a n a l y s i s  o f  i m p l i c i t ,  
a p p r o x i m a t e d  f a c t o r e d  c o d e s  f o r  t h e  C R A Y - 1  shows  t h a t  v e r y  
l i t t l e  s p e e d u p  o v e r  a s c a l a r  p r o c e s s o r  i s  a v a i l a b l e  u n l e s s  o n e  
v e c t o r i z e s  a c r o s s  sweep  l i n e s  f o r  t h e  m a t r i x  L U  d e c o m p o s i t i o n s .  
S u c h  a r e s u l t  d i c t a t e s  t h e  f o r m  t h a t  a n  e f f i c i e n t  c o d e  m u s t  
t a k e  on t h a t  m a c h i n e  u s i n g  t h a t  a l g o r i t h m .  T h i s  p r o j e c t  p a i d  
some a t t e n t i o n  t o  t h e  p r o b l e m  o f  how we s h o u l d  c o d e  a g i v e n  
a l g o r i t h m  f o r  a g i v e n  a r c h i t e c t u r e ,  b u t  i t  f o c u s e d  p r i m a r i l y  o n  
t h e  q u e s t i o n  o f  w h a t  a l g o r i t h m  f e a t u r e s  we s h o u l d  s t r i v e  f o r .  
c o n c e n t r a t e d  o n  d e v e l o p i n g  a s i m u l a t i o n  c a p a b i l i t y  f o r  t h e  
d e d i c a t e d  m i n i c o m p u t e r / a r r a y  p r o c e s s o r l r n e m o r y  s y s t e m  m a c h i n e s  
b e i n g  d e v e l o p e d  f o r  C F D  a p p l i c a t i o n s  ( s e e  p r e s e n t a t i o n  1) .  
T h i s  m a c h i n e  p r o v i d e s  3 s i n g l e  u s e r  a b o u t  C D C  7 6 0 0  p r o c e s s o r  
c a p a c i t y  f o r  mesh s i z e s  o f  o r d e r  2 5 0 , 0 0 0  n o d e s .  A p p r o p r i a t e  
b l o c k  l e v e l  u n i t s  a n d  t h e i r  t i m i n g  a n d  c o m b i n a t i o n  r u l e s  w e r e  
d e v i s e d .  W h i l e  t h e  l o w  c o s t ,  d e d i c a t e d  m a c h i n e s  c a n  a l w a y s  
p r o v i d e  an  i n t e r e s t i n g  l e v e l  o f  p e r f o r m a n c e ,  t h e s e  
c o n f i g u r a t i o n s  a r e  d i f f i c u l t  t o  p u s h  t o  s u p e r c o m p u t e r  s p e e d  
l e v e l s .  T h e  p r i m a r y  d i s a d v a n t a g e s  a r e  demands  o n  t h e  memory 
m a n a g e m e n t  c o m p u t e r  a n d  t h e  f a c t  t h a t  t h e  1 / 0  b a n d w i d t h  
r e q u i r e m e n t s  g r o w  i n t o l e r a b l y  l a r g e  a s  t h e  n u m b e r  o f  e x t e r n a l  
p r o c e s s o r s  i n c r e a s e s .  P r o g r e s s  t o w a r d  g e n e r a l  p u r p o s e ,  
m u l t i p l e  p r o c e s s o r ,  m u l t i p l e  memory m o d u l e  ( M P M M M )  
c o n f i g u r a t i o n s  h a s  a l s o  b e e n  q u i t e  s l o w  b e c a u s e  o f  p r o c e s s o r  
s y n c h r o n i z a t i o n  a n d  s w i t c h i n g  s y s t e m  d i f f i c u l t i e s .  
T h e  g o a l  was t o  d e v e l o p  a s i m u l a t i o n  c a p a b i l i t y  f o r  
m u l t i p l e  p r o c e s s o r  m a c h i n e s  e x e c u t i n g  c o n c u r r e n t  b u t  i d e n t i c a l  
i n s t r u c t i o n  s t r e a m s  and  t o  r e a l i s t i c a l l y  s i m u l a t e  t h e  
p e r f o r m a n c e  o f  p a r t i c u l a r  m i n i c o m p u t e r / a r r a y  p r o c e s s o r  s y s t e m s .  
T h e s e  g o a l s  h a v e  b e e n  a c c o m p l i s h e d  w i t h  t h e  g e n e r a t i o n  o f  a 
L I S P - b a s e d  s i m u l a t i o n  w h i c h  a l l o w s  a u s e r  t o  e x p l o r e  t h e  
e f f e c t s  o f  d i f f e r e n t  h a r d w a r e  c o n f i g u r a t i o n s  a n d  o p e r a t i n g  
s y s t e m  p o l i c i e s  i n  C o m p u t a t i o n a l  F l u i d  D y n a m i c s  ( C F D )  w o r k .  
T h e  s i m u l a t i o n  p r o v i d e s  r e a l i s t i c  f o r e c a s t s  o f  a c t u a l  t i m e s  
r e q u i r e d  f o r  t h e  e x e c u t i o n  o f  a p a r t i c u l a r  s e r i e s  o f  p r o g r a m s  
o n  a g i v e n  h a r d w a r e  s y s t e m  as w e l l  a s  t h e  r e l a t i v e  p e r f o r m a n c e  
o f  d i f f e r e n t  s y s t e m s  o n  a g i v e n  j o b .  
T h e  s i m u l a t o r  was d e s i g n e d  f i r s t  a n d  f o r e m o s t  w i t h  
g e n e r a l i t y  i n  m i n d .  As much a s  p o s s i b l e ,  t h e  u s e r  s h o u l d  b e  
a b l e  t o  s i m u l a t e  a w i d e  r a n g e  o f  d e v i c e  c h a r a c t e r i s t i c s  a n d  
s y s t e m  p o l i c i e s  b y  m a k i n g  s m a l l  c h a n g e s  i n  v a r i o u s  p a r a m e t e r s ,  
o r  s u b s t i t u t i n g  a l t e r n a t i v e  m o d u l e s  f o r  l i m i t e d  s e c t i o n s  o f  t h e  
s i m u l a t i o n  c o d e .  F o r  t h e  f o r m e r ,  an  u n d e r s t a n d i n g  o f  t h e  
a v a i l a b l e  " h o o k s "  i n  t h e  s y s t e m  i s  n e c e s s a r y ;  t h e  l a t t e r  
D u r i n g  t h e  f i r s t  p a r t  o f  t h e  g r a n t  p e r i o d ,  e f f o r t s  w e r e  
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r e q u i r e s  a f u l l e r  u n d e r s t a n d i n g  o f  t h e  d e s i g n  o f  t h e  s i m u l a t i o n  
t o  r e p l a c e  c e r t a i n  p i e c e s  w i t h o u t  d i s r u p t i n g  t h e  o v e r a l l  
o p e r a t i o n .  
T h e  b a s i c  m o d e l  o f  t h e  p r o c e s s o r  s y s t e m  i s  a n  a r b i t r a r y  
n u m b e r  o f  P r o c e s s i n g  E l e m e n t s  ( P E ' s ) ,  c o n t r o l l e d  b y  a s i n g l e  
C e n t r a l  P r o c e s s o r ,  a l l  c o n n e c t e d  t h r o u g h  a s y s t e m - w i d e  b u s  t o  a 
n u m b e r  o f  p e r i p h e r a l  d e v i c e s .  D e v i c e s  c u r r e n t l y  m o d e l e d  
i n c l u d e  M a i n  M e m o r i e s  ( M M ' s ) ,  A r r a y  P r o c e s s o r s  ( A P ' s )  a n d  B u l k  
M e m o r i e s  ( B M ' s ) .  N o t e  t h a t  any n u m b e r  o f  c o n t r o l l e r s  ( d e v i c e  
u n i t s )  o f  a p a r t i c u l a r  d e v i c e  t y p e  c a n  b e  c o n n e c t e d  t o  t h e  b u s .  
T h e  " S y s t e m  B u s "  a l l o w s  c e n t r a l  c o n t r o l  o f  a l l  P E ' s  a n d  a l l  
d e v i c e s  b y  t h e  C P U .  I n  a d d i t i o n ,  t h e  S y s t e m  B u s  i s  u s e d  i n  a l l  
t r a n s f e r s  b e t w e e n  d e v i c e s  i n  t h e  s y s t e m .  The  P E ' s  a r e  s l a v e d  
p r o c e s s o r s ;  t h e y  e x e c u t e  i n s t r u c t i o n s  f o r  p r o c e s s e s  when  
s c h e d u l e d  b y  t h e  C P U .  
M a i n  Memory r e p r e s e n t s  p r o c e s s o r  memory a v a i l a b l e  t o  a l l  
p r o c e s s o r s  i n  t h e  s y s t e m  s i m u l t a n e o u s l y .  W h i l e  M a i n  Memory i s  
l i m i t e d  i n  s i z e ,  t h e r e  i s  n e v e r  a n y  c o n t e n t i o n  f o r  a c c e s s  t o  
t h e  d e v i c e .  I n  a d d i t i o n  t o  M a i n  Memory,  t h e r e  i s  B u l k  Memory,  
B M .  T h i s  r e p r e s e n t s  l a r g e  n o n - l o c a l  memory.  L i k e  M a i n  Memory,  
i t  i s  l i m i t e d  i n  s i z e .  I n  a d d i t i o n ,  B u l k  M e m o r i e s  a c t  l i k e  
o r d i n a r y  1 / 0  d e v i c e s :  t h e r e  i s  a s i n g l e  c o n t r o l l e r  p e r  d e v i c e  
u n i t ,  a n d  a c c e s s  t o  a p a r t i c u l a r  B u l k  Memory i s  l i m i t e d  t o  a 
s i n g l e  PE a t  a t i m e .  I n  a d d i t i o n ,  t h e  t r a n s f e r  s p e e d  o f  B u l k  
Memory i s  u s u a l l y  l o w e r  t h a n  t h e  t r a n s f e r  s p e e d  o f  M a i n  Memory ,  
b u t  t h e r e  i s  u s u a l l y  m o r e  o f  i t  a v a i l a b l e .  T y p i c a l l y ,  M a i n  
Memory  i s  u s e d  a s  a b u f f e r  i n  t r a n s f e r s  b e t w e e n  B u l k  M e m o r i e s  
a n d  A r r a y  P r o c e s s o r  S t o r a g e .  F i n a l l y ,  t h e r e  a r e  A r r a y  
P r o c e s s o r s ,  o r  A P ' s .  An A r r a y  P r o c e s s o r  i s  u n i q u e  i n  t h a t  i t  
a p p e a r s  a s  t w o  s e p a r a t e  d e v i c e s :  a n  1 / 0  c o n t r o l l e r  t h a t  a l l o w s  
t r a n s f e r s  o f  d a t a  i n t o  a n d  o u t  o f  AP memory,  a n d  a n  A r r a y  
P r o c e s s i n g  U n i t ,  o r  A P U ,  w h i c h  i s  a l o c a l  p r o c e s s o r  t h a t  
o p e r a t e s  o n  t h e  d a t a  i n  t h e  A P ' s  memory.  T h e  A P  d e v i c e  a l l o w s  
s i m u l t a n e o u s  t r a n s f e r s  t o  a n d  f r o m  AP memory a n d  c o m p u t a t i o n  b y  
t h e  A P U  o n  t h e  d a t a  e l s e w h e r e  i n  A P  s t o r a g e .  A P ' s  a r e  
t y p i c a l l y  v e r y  l i m i t e d  i n  s t o r a g e ,  b u t  t h e  A P U  p r o v i d e s  v e r y  
h i g h  s p e e d  c o m p u t a t i o n  c o m p a r e d  t o  t h e  P E ' s .  
t h e  u s e r  c a n  s i m u l a t e  d i f f e r e n t  h a r d w a r e  c o n f i g u r a t i o n s  a n d  
h a r d w a r e  c h a r a c t e r i s t i c s .  These  p a r a m e t e r s  a l l o w  t h e  u s e r  t o  
v a r y  t h e  n u m b e r  o f  A r r a y  P r o c e s s o r s  i n  t h e  s y s t e m ,  f o r  
i n s t a n c e ,  o r  t h e  t r a n s f e r  speed  o f  B u l k  Memory d e v i c e s ,  t h e  
t o t a l  s t o r a g e  a v a i l a b l e  i n  t h e  A r r a y  P r o c e s s o r s ,  o r  t h e  s p e e d  
o f  P r o c e s s i n g  E l e m e n t s .  P e r h a p s  m o r e  i n t e r e s t i n g l y ,  t h e r e  a r e  
h o o k s  t h a t  a l l o w  t h e  u s e r  t o  c h a n g e  t h e  b e h a v i o r  o f  t h e  v a r i o u s  
d e v i c e s  i n  t h e  s y s t e m .  Some d e v i c e s  may b e  m o d e l e d  a s  a s i n g l e  
c o n t r o l l e r ,  a n d  a c c e s s  t o  t h e  c o n t r o l l e r  l i m i t e d  t o  a s i n g l e  
p r o c e s s o r  f o r  t h e  d u r a t i o n  o f  a t r a n s f e r .  O t h e r s  may b e  
m o d e l e d  a s  h a v i n g  i n f i n i t e  s h a r e d  a c c e s s ,  so  t h a t  p r o c e s s e s  
n e v e r  c o m p e t e  w i t h  e a c h  o t h e r  f o r  t h e  a v a i l a b i l i t y  o f  a 
p a r t i c u l a r  a c c e s s  p a t h .  S i m i l a r l y ,  some d e v i c e s  may b e  
B y  m a n i p u l a t i o n  o f  a s m a l l  n u m b e r  o f  i n t e r n a l  p a r a m e t e r s ,  
7 
r e s e r v e d  t o  a s i n g l e  p r o c e s s ,  w h i l e  o t h e r s  may b e  s h a r e d  
b e t w e e n  a l l  p r o c e s s e s  i n  t h e  s y s t e m  a t  a l l  t i m e s .  T h e  d e t a i l s  
o f  t h e  a v a i l a b l e  h o o k s  a r e  d e s c r i b e d  i n  t h e  c h a p t e r s  o n  d e v i c e s  
a n d  o n  p r o c e s s o r s  i n  p u b l i c a t i o n  2.  
F i n a l l y ,  t h e  u s e r  may a l s o  c h a n g e  t h e  b e h a v i o r  o f  t h e  
o p e r a t i n g  s y s t e m  b e i n g  s i m u l a t e d  i t s e l f .  T h e r e  i s  a c t u a l l y  
o n l y  a v e r y  t h i n  l i n e  b e t w e e n  t h e  i m p l e m e n t a t i o n  o f  t h e  
s i m u l a t i o n  o f  t h e  c o m p l e t e  s y s t e m  a n d  t h e  s i m u l a t i o n  o f  t h e  
o p e r a t i n g  s y s t e m  c o n t r o l l i n g  t h e  s y s t e m .  B y  c h a n g i n g  some 
f u n c t i o n s  i n  t h e  s y s t e m ,  t h e  m o d e l  o f  t h e  o p e r a t i n g  s y s t e m  may 
b e  c h a n g e d  t o  s i m u l a t e  d i f f e r e n t  s c h e d u l i n g  a l g o r i t h m s ,  f o r  
i n s t a n c e ,  o r  d i f f e r e n t  r e s o u r c e  a l l o c a t i o n  s t r a t e g i e s .  
The  s i m u l a t i o n  o f  t h e  o p e r a t i n g  s y s t e m  i s  a n  e s s e n t i a l  
p a r t  o f  t h e  s i m u l a t i o n  a s  a w h o l e .  T h e  e n t i r e  s i m u l a t i o n  may 
b e  v i e w e d  a s  t h e  s i m u l a t i o n  o f  t h e  o p e r a t i o n  o f  a g i v e n  
o p e r a t i n g  s y s t e m  o n  a p a r t i c u l a r  h a r d w a r e  c o n f i g u r a t i o n ,  f a c e d  
w i t h  t h e  d e m a n d s  o f  a n u m b e r  o f  p r o c e s s e s  i n  t h e  s y s t e m .  The  
o p e r a t i n g  s y s t e m  s e r v e s  t w o  f u n c t i o n s  i n  t h e  s i m u l a t i o n :  t h e  
s c h e d u l i n g  o f  p r o c e s s e s  on p r o c e s s o r s ,  a n d  t h e  a l l o c a t i o n  o f  
t h e  s y s t e m ' s  r e s o u r c e s  t o  t h e  p r o c e s s e s  i n  t h e  s y s t e m .  T h e  
g o a l  o f  t h e  o p e r a t i n g  s y s t e m  i s  t o  m a x i m i z e  t h e  u s e  o f  t h e  
a v a i l a b l e  r e s o u r c e s ,  r e d u c i n g  t i m e  s p e n t  w a i t i n g  t o  a m i n i m u m .  
T h e  s i m u l a t o r  was u s e d  t o  m o d e l  t h e  p e r f o r m a n c e  o f  t h e  l a b  
m i n i c o m p u t e r / a r r a y  p r o c e s s o r  s y s t e m  a n d  i t  p r o d u c e s  t h e  c o r r e c t  
q u a l i t a t i v e  s y s t e m  p e r f o r m a n c e .  A s m a l l  e f f o r t  was made t o  
i m p r o v e  t h e  q u a n t i t a t i v e  s y s t e m  p r e d i c t i o n .  A C o m p u t a t i o n a l  
F l u i d  D y n a m i c s  L a b o r a t o r y  r e p o r t  was p r e p a r e d  w h i c h  d e s c r i b e s  
t h e  s i m u l a t o r  a n d  i t s  a p p l i c a t i o n s  t o  c u r r e n t  h a r d w a r e  a n d  
a l g o r i t h m s  ( s e e  p u b l i c a t i o n  2 ) .  
F a u l t - T o l e r a n t  P r o c e s s o r  A r c h i t e c t u r e s  - -  D r .  T.  B a s i l  
S m i t h  o f  t h e  C .  S .  D r a p e r  L a b o r a t o r y  was i n i t i a l l y  i n  c h a r g e  o f  
t h i s  r e s e a r c h  t a s k .  Upon h i s  t r a n s f e r  f r o m  t h e  L a b o r a t o r y ,  D r .  
J a y n a r a y a n  L a l a  t o o k  r e s p o n s i b i l i t y  f o r  t h e  w o r k .  G r a d u a t e  
s t u d e n t  R i c h a r d  H a r p e r  a l s o  p a r t i c i p a t e d  i n  t h i s  a s p e c t  o f  t h e  
p r o g r a m .  T h e  o b j e c t i v e  o f  t h i s  t a s k  was t o  b e g i n  d e v e l o p m e n t  
o f  a f a u l t - t o l e r a n t  p r o c e s s o r  a r c h i t e c t u r e  t h a t  c a n  p r o v i d e  
h i g h - t h r o u g h p u t  g e n e r a l - p u r p o s e  c o m p u t a t i o n  i n  a s o f t w a r e  
e n v i r o n m e n t  w h i c h  i s  c o m p a r a b l e  t o  t h a t  o f  n o n - r e d u n d a n t  o r  
s i m p l e x  s u p e r - c o m p u t e r  e n v i r o n m e n t s .  T h e  s t u d y  f o c u s e d  o n  t h e  
i n c o r p o r a t i o n  o f  f a u l t - t o l e r a n t  p r o c e s s i n g  t e c h n i q u e s  t o  mask 
a n d  c o r r e c t  f a u l t s  w i t h i n  t h e  c o n t e x t  o f  a s t a t e - o f - t h e - a r t  
s u p e r - c o m p u t e r  a r c h i t e c t u r e .  
i n  t h e  m i l  1 i o n s - o f - o p e r a t i o n s - p e r - s e c o n d  ( c u r r e n t  
m i n i - c o m p u t e r )  r a n g e  a r e  s a t i s f a c t o r y ,  o r  t h e  p r o b l e m  i s  e a s i l y  
d i s t r i b u t e d  t o  l o o s e l y  c o u p l e d  m u l t i - c o m p u t e r  o r  
m u l t i - p r o c e s s o r  s y s t e m s .  The  D r a p e r  F a u l t - T o l e r a n t  P r o c e s s o r  
( F T P ) ,  a n d  F a u l t - T o l e r a n t  M u l t i p r o c e s s o r  (FTMP) a r e  e x a m p l e s  o f  
h i g h l y  r e l i a b l e  m a c h i n e s  m a t c h e d  t o  t h e s e  n e e d s  o r  
F o r  many r e a l - t i m e  c o n t r o l  t a s k s ,  p r o c e s s i n g  r e q u i r e m e n t s  
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requirements. There also exists a class of problems which 
requires higher throughput, and in which a loose coupling o f  
processors is inadequate due to the overheads i n  communicating 
between the coupled processors. Ground-based super computers 
-such as the CRAY-1 and the CYBER-205 are examples of existing 
machines which address this need. The dataflow architectures 
and CFD architectures are alternative architectures, as yet 
unimplemented, which are also addressed to these needs. A l l  of 
these architectures employ large numbers of elements or 
components and exhibit poor reliability and availability in 
fault intolerant implementations. Availability and 
maintainability are clearly inadequate for many real-time 
scenarios or spaceborne applications. MTBF is typically on the 
order of tens of hours. 
The architecture of existing "super-computers" such as 
CRAY-1 and CDC STAR series computers were examined from the 
viewpoint o f  incorporating "synchronous fault tolerances" into 
these machines. The highly pipelined architecture of such 
computers has been the only commercially successful approach to 
achieving very high throughput. This type o f  architecture may 
be combined with the concepts underlying the fault-tolerant 
computers developed at Draper Lab for avionics applications. 
The basic concept here is one of synchronous operation of 
redundant hardware elements such that their results can be 
matched on a bit-for-bit basis under no-fault conditions. 
architecture which might be suited for the rapid solution of 
problems which involve the evaluation of a large set of 
alternatives and th2 estimation o f  the consequences of many 
possible courses o f  action. Examples of problems o f  this sort 
lie in the areas o f  decision support systems, autonomous 
systems control, route planning, and other fields. We call 
such problems "generalized planning problems." 
One view of such problems is to consider the set o f  
decisions which may be evaluated by the planning program to 
comprise a tree structure w h i c h  must be searched for a path 
which results in the optimization of a cost criterion. For 
example, the Dijkstra algorithm for finding the minimum cost 
path through a graph is equivalent to a degenerate form of the 
A *  tree searching algorithm. As another example, the traveling 
salesman problem (TSP) has been cast as the search o f  a tree 
structure, where each node o f  the tree represents a set of 
possible solutions of the problem. The search procedure 
corresponds to the continual refinement of these sets until a 
satisfactory solution is found. As a final example, another 
solution method for the TSP is the route construction method. 
Here, each node of the tree corresponds to a partial solution 
to the problem. 
Preliminary considerations indicate that problems which 
can be cast into such a tree search formalism can potentially 
possess a high degree o f  parallelism, on both the coarse and 
It was then decided to focus on the design o f  a computer 
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. 
f i n e  s c a l e .  T h i s  p a r a l l e l i s m  c a n  b e  e f f i c i e n t l y  e x p l o i t e d  b y  a 
m u l t i c o m p u t e r  s y s t e m ,  a n d  t h u s  s o l u t i o n s  t o  s u c h  g e n e r a l i z e d  
p l a n n i n g  p r o b l e m s  c a n  b e  o b t a i n e d  much m o r e  q u i c k l y  t h a n  when 
t h e y  a r e  a t t a c k e d  o n  a s e q u e n t i a l  c o m p u t e r .  
A p r e l i m i n a r y  p r o p o s a l  f o r  s u c h  a m u l t i c o m p u t e r  s y s t e m  h a s  
b e e n  g e n e r a t e d .  T h e  s y s t e m  c o n s i s t s  o f  a l o o s e l y  c o u p l e d  s e t  
o f  p r o c e s s i n g  e l e m e n t s  ( P E ' s ) = . . w h i c h  c o m m u n i c a t e  w i t h  e a c h  o t h e r  
v i a  a n  i n t e r c o m p u t e r  network::The u s e  o f  many c o m p u t e r s  t o  
s o l v e  t h e  p r o b l e m  e x p l o i t s  t h e  l a r g e - s c a l e  c o n c u r r e n c y  w h i c h  
r e s i d e s  i n  t h e  t r e e  s e a r c h  f o r m u l a t i o n  o f  t h e  g e n e r a l i z e d  
p l a n n i n g  p r o b l e m .  E a c h  P E  i s  e n v i s i o n e d  a s  a h e a v i l y  p i p e l i n e d  
M u l t i p l e  I n s t r u c t i o n  M u l t i p l e  D a t a  (MIMD) m a c h i n e ,  w h i c h  c a n  
f u r t h e r  t a k e  a d v a n t a g e  o f  t h e  a d d i t i o n a l  f i n e - g r a i n e d  
p a r a l l e l i s m  i n h e r e n t  i n  t h e  p r o b l e m .  T h e  P E  w i l l  h a v e  a 
r e d u c e d  i n s t r u c t i o n  s e t  t o  s i m p l i f y  i t s  d e s i g n ,  p r o g r a m m i n g ,  
a n d  o p e r a t i o n ,  a n d  t o  h e l p  speed  u p  i t s  i n s t r u c t i o n  e x e c u t i o n  
r a t e .  A r e p o r t  d e s c r i b i n g  t h i s  p r o p o s e d  a r c h i t e c t u r e  h a s  b e e n  
p r e p a r e d  ( s e e  p u b l i c a t i o n  3 ) .  
a n d  l i f e - c r i t i c a l  m i s s i o n s ,  i t  m u s t  s a t i s f y  t h e o r e t i c a l l y  
d e m o n s t r a b l e  a r c h i t e c t u r a l  r e q u i r e m e n t s .  S p e c i f i c a l l y ,  i t  m u s t  
b e  c a p a b l e  o f  t o l e r a t i n g  a r b i t r a r y  f a i l u r e  b e h a v i o r  o f  a s u b s e t  
o f  i t s  c o m p o n e n t s  w i t h  n e a r - u n i t y  c o v e r a g e .  T h e  o n l y  k n o w n  way 
t o  a c h i e v e  t h i s  i s  v i a  s y n c h r o n o u s  r e d u n d a n t  b i t - f o r - b i t  
r e p l i c a t e d  c o m p u t a t i o n ,  w h i c h  i n  t u r n  h i n g e s  u p o n  t h e  
c a p a b i l i t y  t o  p r o v i d e  n o n - f a u l t y  r e d u n d a n t  s i t e s  w i t h  
b i t - f o r - b i t  i n p u t s  i n  t h e  p r e s e n c e  o f  s u c h  a r b i t r a r y  f a i l u r e  
modes .  T h i s  p r o b l e m  i s  t h e  w e l l - k n o w n  B y z a n t i n e  G e n e r a l s  
p r o b l e m .  F o r  a s o l u t i o n  t o  t h i s  p r o b l e m  t o  b e  p o s s i b l e ,  f o u r  
b a s i c  a r c h i t e c t u r a l  r e q u i r e m e n t s  m u s t  b e  m e t .  F i r s t ,  t h e  
r e d u n d a n t  s i t e s  m u s t  b e  p a r t i t i o n a b l e  i n t o  3 f + l  f a u l t  
c o n t a i n m e n t  r e g i o n s ,  w h e r e  f i s  t h e  n u m b e r  o f  s i m u l t a n e o u s  
f a u l t s  i t  i s  d e s i r e d  t o  t o l e r a t e .  S e c o n d ,  t h e  f a u l t  
c o n t a i n m e n t  r e g i o n s  m u s t  b e  i n t e r c o n n e c t e d  v i a  2 f + l  d i s j o i n t  
p a t h s .  T h i r d ,  t h e  f a u l t  c o n t a i n m e n t  r e g i o n s  m u s t  p e r f o r m  a 
m i n i m u m  o f  f + l  " r o u n d s "  o f  c o m m u n i c a t i o n ,  w h e r e  a r o u n d  may b e  
l o o s e l y  d e f i n e d  a s  a n  a l g o r i t h m i c  p h a s e  i n  w h i c h  e a c h  f a u l t  
c o n t a i n m e n t  r e g i o n  c o m m u n i c a t e s  w i t h  e a c h  o t h e r .  F i n a l l y ,  t h e  
e x e c u t i o n  r a t e s  o f  t h e  d i f f e r e n t  f a u l t  c o n t a i n m e n t  r e g i o n s  m u s t  
d i f f e r  b y  a t  m o s t  a k n o w n  u p p e r  b o u n d ,  i . e ,  t h e  f a u l t  
c o n t a i n m e n t  r e g i o n s  m u s t  b e  s y n c h r o n i z e d .  T h e s e  a r e  a b s o l u t e  
m i n i m a l  r e q u i r e m e n t s  w h i c h  m u s t  b e  m e t  b y  a n y  s y s t e m  h o p i n g  t o  
b e  h i g h l y  r e l i a b l e ,  a n d  w e  have  c o n c l u d e d  t h a t  t h e  
a r c h i t e c t u r e s  t h a t  w e  h a v e  s u r v e y e d  d o  n o t  e x p l i c i t l y  m e e t  
t h e s e  c o n s t r a i n t s .  T h e r e f o r e ,  we m u s t  s t u d y  how t o  i n c o r p o r a t e  
t h e s e  r e q u i r e m e n t s  i n t o  an  a r c h i t e c t u r e  w h i c h  m e e t s  t h e  
f u n c t i o n a l  r e q u i r e m e n t s  o f  t h e  a p p l i c a t i o n .  
F o r  t h i s  c o m p u t e r  t o  b e  a d e q u a t e l y  r e l i a b l e  f o r  m i s s i o n  
D a t a f l o w  T e c h n i q u e s  - -  I n  c h a r g e  o f  t h i s  e f f o r t  was 
P r o f e s s o r  A r v i n d  o f  t h e  M I T  D e p a r t m e n t  o f  E l e c t r i c a l  
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E n g i n e e r i n g  a n d  C o m p u t e r  S c i e n c e .  W o r k i n g  w i t h  h i m  was 
g r a d u a t e  s t u d e n t  R e s e a r c h  A s s i s t a n t  G r e g o r y  P a p a d o p o u l o s .  T h i s  
t a s k  i n v e s t i g a t e d  a d a t a f l o w  a p p r o a c h  t o  h i g h l y  r e l i a b l e  
c o m p u t a t i o n .  D r a w i n g  f r o m  d a t a f l o w  p r i n c i p l e s ,  i t  i s  s u g g e s t e d  
t h a t  a n  a u t o m a t i c  p r o c e d u r e  may b e  d e v e l o p e d  w h i c h  c a n  
t r a n s f o r m  a f a i l u r e - s e n s i t i v e  g r a p h  o f  u n r e l i a b l e  o p e r a t o r s  
i n t o  o n e  w h i c h  c a n  t o l e r a t e  r a n d o m  o p e r a t o r  f a i l u r e s  y e t  
c o m p l e t e l y  i m p l e m e n t  t h e  a l g o r i t h m  s p e c i f i e d  b y  t h e  o r i g i n a l ,  
u n f a i l e d  g r a p h .  I t  i s  e x p e c t e d  t h a t  a t  l e a s t  t w o  a d v a n t a g e s  
w i l l  b e  g a i n e d  b y  t h i s  a p p r o a c h .  F i r s t ,  s y n c h r o n i z a t i o n  
r e q u i r e m e n t s  i n h e r e n t  i n  p r e s e n t  f a u l t - t o l e r a n t  s y s t e m s  w i l l  b e  
r e l i e v e d ,  a l l o w i n g  e a s i e r  e x p a n s i o n  a n d  d i s t r i b u t i o n  w i t h  t h e  
c o m m e n s u r a t e  r e d u c t i o n  o f  t h e  r i s k  o f  s y n c h r o n i z a t i o n  f a i l u r e s .  
S e c o n d ,  t h e  i s o m o r p h i s m  o f  d a t a f l o w  l a n g u a g e s  w i t h  c o m p u t a t i o n  
g r a p h s  p r o m i s e s  a much m o r e  r i g o r o u s  b a s i s  f o r  t h e  w a n t i n g  a r e a  
o f  s o f t w a r e  v a l i d a t i o n  f o r  h i g h l y  r e l i a b l e  s y s t e m s .  On 
b a l a n c e ,  d a t a f l o w  seems e x t r e m e l y  w e l l - s u i t e d  f o r  t h e  
f o r m u l a t i o n  o f  f a u l t - t o l e r a n t  s y s t e m s .  
f l o w  p r o g r a m  w r i t t e n  t o  e x e c u t e  O R  a p e r f e c t  m a c h i n e  a n d  c r e a t e  
a m o d e l  o f  a s y s t e m  w h i c h  c a n  t o l e r a t e  a s p e c i f i e d  n u m b e r  o f  
h a r d w a r e  f a i l u r e s .  The  m o d e l  c o n t a i n s  t h e  f a m i l i a r  c o n c e p t s  o f  
v o t e r s  a n d  r e d u n d a n t  p r o g r a m  c o p i e s  a l o n g  w i t h  a b s t r a c t i o n s  o f  
t h e  i m p o r t a n t  f e a t u r e s  o f  t h e  u n d e r l y i n g  h a r d w a r e :  t h e  n u m b e r  
o f  i n d e p e n d e n t  m o d u l e s ,  and t h e  n a t u r e  a n d  t o p o l o g y  o f  t h e i r  
i n t e r c o n n e c t i o n .  T r a n s f o r m a t i o n s  h a v e  b e e n  d e v e l o p e d  t o  (1)  
p r o v i d e  r e d u n d a n t  m o d u l e s  w i t h  i d e n t i c a l  o r  c o n g r u e n t  c o p i e s  o f  
a l l  i n p u t  d a t a ,  ( 2 )  c o r r e c t l y  s u p p o r t  t i m e - o u t  t e s t s  a n d  
a s s o c i a t e d  n o n d e t e r m i n i s t i c  d a t a f l o w  o p e r a t o r s ,  ( 3 )  
i n t e r a c t i v e l y  b o u n d  t h e  t i m e  skew o f  s i m i l a r  c o m p u t a t i o n s  a t  
r e d u n d a n t  s i t e s .  T h e s e  t r a n s f o r m a t i o n s  come i n  t w o  f o r m s :  o n e s  
t h a t  m i n i m i z e  t h e  t o t a l  number o f  i n d e p e n d e n t  m o d u l e s  r e q u i r e d ,  
a n d  o n e s  t h a t  m i n i m i z e  t h e  t o t a l  a m o u n t  o f  i n f o r m a t i o n  e x c h a n g e  
b e t w e e n  m o d u l e s .  
I n  a d d i t i o n  t o  u n i f y i n g  t h e  h a r d w a r e  a n d  s o f t w a r e  u n d e r  a 
s i n g l e  a n a l y t i c  p a r a d i g m ,  t h e  t r a n s f o r m a t i o n s  i n h e r e n t l y  l a c k  
a n y  r e q u i r e m e n t s  f o r  s y n c h r o n o u s  a n d / o r  c e n t r a l i z e d  c o n t r o l  - -  
m a k i n g  t h e  m o d e l s  w e l l - s u i t e d  f o r  v e r y  l a r g e ,  d i s t r i b u t e d  
c o m p u t e r  s y s t e m s .  
O u r  g o a l  was t o  t a k e  a n  a r b i t r a r y  ( b u t  w e l l - f o r m e d )  
d a t a f l o w  p r o g r a m ,  t h e  s i m p l e x  s o u r c e ,  make  i t  r e d u n d a n t ,  a n d  
i m p o s e  t h e  n e c e s s a r y  r e s t r i c t i o n s  o n  t h e  p h y s i c a l  
i m p l e m e n t a t i o n  s o  t h a t  i t  i s  f a u l t  t o l e r a n t .  T h e  s o u r c e  
p r o g r a m  i s  g i v e n  i n  t h e  l a n g u a g e  L a d e t e r m i n i s t i c  l a n g u a g e  
w i t h  f i x - p o i n t  s e m a n t i c s ,  a n d  t h e  1;ogrammer a s s u m e s  t h a t  i t  
w i l l  o p e r a t e  on a p e r f e c t  m a c h i n e .  P r o g r a m s  a r e  a u t o m a t i c a l l y  
t r a n s f o r m e d  i n t o  r e d u n d a n t ,  f a u l t - t o l e r a n t  o n e s  a s  d e s c r i b e d  b y  
t h e  l a n g u a g e  R B y  a b s t r a c t i n g  e l e m e n t s  o f  a n  i m p l e m e n t a t i o n ,  
f a u l t  s e t s ,  w h Q i h  c o r r e s p o n d  t o  p r o c e s s i n g  s i t e s  t h a t  f a i l  
i n d e p e n d e n t l y  o f  e a c h  o t h e r ,  and i n t e r c o n n e c t i o n  l i n k s ,  w h i c h  
c o r r e s p o n d  t o  d a t a  p a t h s  b e t w e e n  t h e s e  p r o c e s s i n g  s i t e s ,  we a r e  
We a r e  a b l e  t o  a p p l y  s e t s  o f  t r a n s f o r m a t i o n s  t o  a n y  d a t a  
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a b l e  t o  c a p t u r e  t h e  n a t u r e  o f  m o d u l a r  r e d u n d a n c y .  O u r  a s s u m e d  
f a u l t  m o d e l ,  t o k e n  f r a g m e n t s ,  i s  a n  e x t r e m e l y  g e n e r a l  o n e  a n d  
b a s i c a l l y  s t a t e s  t h a t  a f a u l t y  e l e m e n t  c a n  t r a n s m i t  a n y  d a t a  
( o r  n o  d a t a  a t  a l l )  i n  a n y  f a s h i o n  t o  a l l  e l e m e n t s  w h i c h  a r e  
c o n n e c t e d  t o  i t .  A d d i t i o n a l l y ,  t w o  r e c e i v e r s  o f  w h a t  w o u l d  
o t h e r w i s e  b e  i d e n t i c a l  d a t a  ( f r o m  t h e  same b u s  w i r e  f o r  
i n s t a n c e )  c o u l d  i n t e r p r e t  d i f f e r e n t  v a l u e s  f o r  d a t a  t r a n s m i t t e d  
b y  a f a u l t y  s o u r c e .  As d i s c o v e r e d  b y  o t h e r  r e s e a r c h e r s ,  
p r i m a r i l y  t h e  N A S A - s p o n s o r e d  w o r k  o f  t h e  S I F T  p r o j e c t  a t  S R I  
a n d  t h e  FTMP p r o j e c t  a t  C .  S .  D r a p e r  L a b o r a t o r i e s ,  an  e s s e n t i a l  
p r o b l e m  i n  t h e  c o r r e c t  i m p l e m e n t a t i o n  o f  m o d u l a r  r e d u n d a n c y  i s  
t h e  a b i l i t y  t o  c o n s i s t e n t l y  or c o n g r u e n t l y  d i s t r i b u t e  c o p i e s  o f  
a s i m p l e x  s e n s o r  t o  a l l  r e d u n d a n t  p r o c e s s i n g  s i t e s .  D a t a  f l o w  
r e a d i l y  e x p o s e s  t h i s  p r o b l e m  as w e l l  a s  p r o v i d i n g  c o n c i s e ,  
g r a p h i c a l  s o l u t i o n s  i n  t h e  f o r m  o f  c o n g r u e n c e  s c h e m a t a .  F o r  
t h e  m u l t i p l e  s i m u l t a n e o u s  f a u l t  c a s e ,  we g i v e  r e c u r s i v e  
f o r m u l a s  f o r  s c h e m a t a  w h i c h  r e q u i r e  a m i n i m u m  n u m b e r  o f  
f a u l t - s e t s  f o r  t h e i r  i m p l e m e n t a t i o n  a s  w e l l  a s  o n e s  t h a t  
r e q u i r e  a m i n i m u m  a m o u n t  o f  i n f o r m a t i o n  e x c h a n g e .  
n o n - d e t e r m i n i s m .  T h i s  g i v e s  u s  t h e  a b i l i t y  t o  p e r f o r m  t i m e - o u t  
t e s t s  o f  s i m p l e x  d a t a  s o u r c e s ,  s u p p o r t  n o n - d e t e r m i n i s t i c  m e r g e s  
a n d  s t r e a m - b a s e d  p r o g r a m m i n g ,  a s  w e l l  a s  a n  u n d e r s t a n d i n g  o f  
s y n c h r o n i z a t i o n ,  s c h e d u l i n g ,  and c l o c k s .  We d e f i n e  a n  e v e n t  a s  
t h e  r e c e i p t  o f  a t o k e n  ( p a c k e t  o f  d a t a )  b y  a n  o p e r a t o r .  T o  
c o r r e c t l y  s u p p o r t  n o n - d e t e r m i n i s m  we a r g u e  t h a t  a c o n s i s t e n t  
t i m e  t o t a l  o r d e r i n g  o f  s e l e c t e d  e v e n t s  m u s t  b e  d e r i v a b l e  b y  a l l  
r e d u n d a n t  p r o c e s s i n g  s i t e s .  S c h e m a t a ,  v e r y  s i m i l a r  t o  
c o n g r u e n c e  s c h e m a t a ,  w h i c h  can  s u p p o r t  s u c h  a n  a l g o r i t h m  a r e  
d e r i v e d .  F i n a l l y ,  we show how t o  b o u n d  t h e  t i m e  skew b e t w e e n  
s i m i l a r  e v e n t s  o c c u r i n g  a t  r e d u n d a n t  s i t e s .  T h i s  g i v e s  a 
n o t i o n  o f  c l o c k s  and  s y n c h r o n i z a t i o n  w h i c h  a s  r e a d i l y  d e s c r i b e s  
t h e  m i c r o s y n c h r o n o u s  c l o c k i n g  o f  t h e  FTMP a s  w e l l  a s  t h e  f r a m e  
s y n c h r o n i z a t i o n  s t r a t e g y  o f  S I F T ,  b u t  i n  w h a t  we b e l i e v e  t o  b e  
a m o r e  g e n e r a l  a n d  p e r s p i c u o u s  f a s h i o n .  
A d i s c u s s i o n  o f  a l l  t h e s e  i s s u e s  h a s  b e e n  p r e p a r e d  i n  t h e  
f o r m  o f  a p a p e r  t h a t  was p r e s e n t e d  a t  t h e  1 9 8 4  A m e r i c a n  C o n t r o l  
C o n f e r e n c e  ( s e e  p u b 1  i c a t i o n  4 ) .  
We t h e n  e x t e n d  o u r  s o u r c e  l a n g u a g e  t o  o n e  t h a t  e x p r e s s e s  
S o f t w a r e  S p e c i f i c a t i o n  and V e r i f i c a t i o n  T o o l s  - -  The  
w o r k  on t h i s  r e s e a r c h  t a s k  was p e r f o r m e d  b y  O r .  F r e d e r i c k  
F u r t e k  o f  t h e  C .  S.  D r a p e r  L a b o r a t o r y .  F o r  b o t h  a u t o n o m o u s  a n d  
manned  s p a c e c r a f t ,  r e l i a b l e  s o f t w a r e  i s  c r u c i a l  t o  s u c c e s s f u l  
m i s s i o n  p e r f o r m a n c e .  The  c o m p l e x  a n d  i n t r i c a t e  n a t u r e  o f  t h e  
r e a l  - t i m e  s o f t w a r e  f o u n d  o n  m o s t  s p a c e c r a f t ,  h o w e v e r ,  m a k e s  t h e  
t a s k  o f  a c h i e v i n g  r e l i a b l e  s o f t w a r e  e x t r e m e l y  d i f f i c u l t .  
The  r e l i a b i l i t y  o f  s o f t w a r e  c a n  b e  e n h a n c e d  t h r o u g h  
t e c h n i q u e s  a p p l i e d  e i t h e r  (1) d u r i n g  d e s i g n / c o d i n g ,  ( 2 )  d u r i n g  
t e s t i n g ,  o r  ( 3 )  d u r i n g  o n l i n e  o p e r a t i o n .  T e c h n i q u e s  a p p l i e d  
d u r i n g  t h e  f i r s t  t w o  p h a s e s  i n c r e a s e  r e l i a b i l i t y  t h r o u g h  f a u l t  
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a v o i d a n c e ,  w h i l e  t e c h n i q u e s  a p p l i e d  d u r i n g  t h e  t h i r d  p h a s e  
i n c r e a s e  r e l i a b i l i t y  t h r o u g h  f a u l t  d e t e c t i o n  a n d  r e c o v e r y  
( f a u l t  t o l e r a n c e ) .  T h i s  t a s k  c o n c e n t r a t e d  o n  a c h i e v i n g  
r e l i a b l e  s o f t w a r e  t h r o u g h  b o t h  f a u l t  a v o i d a n c e  a n d  f a u l t  
t o l e r a n c e .  
T o  a v o i d  s o f t w a r e  f a u l t s  i n  o p e r a t i o n a l  c o d e ,  i t  i s  
c r u c i a l  t h a t  t h e  r e a s o n i n g  u n d e r l y i n g  p r o g r a m  o p e r a t i o n  be 
f o r m a l i z e d  a n d  v e r i f i e d .  T h i s  e f f o r t  i s  e s s e n t i a l  s i n c e  a l l  
s o f t w a r e  i s  d e v e l o p e d  t h r o u g h  t h e  r e a s o n i n g  o f  p r o g r a m m e r s ,  a n d  
i t  i s  t h i s  r e a s o n i n g ,  i n  l i e u  o f  e x h a u s t i v e  t e s t i n g ,  t h a t  i s  
t h e  u l t i m a t e  s o u r c e  o f  c o n f i d e n c e  i n  t h e  c o r r e c t n e s s  o f  
s o f t w a r e .  T h i s  t a s k  s o u g h t  t o  d e v e l o p  a c a p a b i l i t y  i n  s o f t w a r e  
v e r i f i c a t i o n  t h a t  d o e s  n o t  p r e s e n t l y  e x i s t  b u t  w h i c h  may b e  
a c h i e v a b l e  b y  d r a w i n g  u p o n  and e x t e n d i n g  p r e s e n t  v e r i f i c a t i o n  
t e c h n i q u e s .  
An i n - d e p t h  s u r v e y  was p e r f o r m e d  o f  a n u m b e r  o f  e x i s t i n g  
t e c h n i q u e s  f o r  s o f t w a r e  s p e c i f i c a t i o n ,  w i t h  e m p h a s i s  o n  
a p p r o a c h e s  s u i t e d  t o  d e s c r i b i n g  r e a l - t i m e ,  c o n c u r r e n t  b e h a v i o r .  
A d v a n t a g e s  a n d  s h o r t c o m i n g s  o f  e a c h  a p p r o a c h  w e r e  n o t e d ,  and ,  
a s  e x p e c t e d ,  t h e r e  was n o  s i n g l e  t e c h n i q u e  t h a t  m e t  a l l  o f  o u r  
n e e d s .  I n  p a r t i c u l a r ,  t h e r e  was n o  a p p r o a c h  t h a t  c o u l d  
a d e q u a t e l y  r e p r e s e n t  c o n c u r r e n c y ,  i n d e t e r m i n a c y ,  a n d  t i m i n g  
d e p e n d e n c i e s  a n d  t h a t  c o u l d  p r o v i d e  s p e c i f i c a t i o n s  a t  d i f f e r e n t  
l e v e l s  o f  a b s t r a c t i o n .  A l l  t h e s e  a r e  e s s e n t i a l  r e q u i r e m e n t s  
f o r  s p e c i f y i n g  c o m p l e x ,  r e a l - t i m e ,  d i s t r i b u t e d  s y s t e m s .  
The  a b s t r a c t i o n  r e q u i r e m e n t  p r o v e d  t o  b e  e s p e c i a l l y  
t r o u b l e s o m e  i n  f o r m u l a t i n g  a new a p p r o a c h  s i n c e  t h e r e  a r e  
s e v e r a l  d i m e n s i o n s  a l o n g  w h i c h  a s y s t e m  c a n  b e  d e c o m p o s e d .  
S u c c e s s i v e  l e v e l s  o f  d e t a i l s  c a n  b e  a d d e d  i n  t h r e e  
i n t e r d e p e n d e n t  ways :  
(1) B y  e l a b o r a t i n g  on t h e  d e f i n i t i o n  o f  f u n c t i o n s .  
T h a t  i s ,  b y  d e f i n i n g  c o m p l e x  f u n c t i o n s  i n  t e r m s  
o f  e v e r  s i m p l e r  f u n c t i o n s .  
( 2 )  B y  e l a b o r a t i n g  o n  t h e  d e f i n i t i o n  o f  d a t a  s t r u c t u r e s .  
T h a t  i s ,  b y  d e f i n i n g  d a t a  s t r u c t u r e s  i n  t e r m s  o f  e v e r  
m o r e  p r i m i t i v e  d a t a  s t r u c t u r e s .  
( 3 )  B y  d e s c r i b i n g  b e h a v i o r  a t  f i n e r  g r a n u l a r i t i e s  o f  
t i m e .  
W h i l e  t h e r e  e x i s t  w e l l - u n d e r s t o o d  t e c h n i q u e s  - -  a p p l i c a t i v e  
l a n g u a g e s  - -  f o r  d e a l i n g  w i t h  t h e  f i r s t  t w o  t y p e s  o f  
a b s t r a c t i o n ,  v e r y  l i t t l e  h a s  b e e n  d o n e  w i t h  t i m e  a b s t r a c t i o n .  
S i n c e  a l l  t h r e e  t y p e s  o f  a b s t r a c t i o n  a r e  e s s e n t i a l  i n  
d e s c r i b i n g  c o m p l e x  r e a l - t i m e  s y s t e m s ,  o u r  e f f o r t s  f o c u s e d  o n  
i n t e g r a t i n g  t h e  t h r e e  a b s t r a c t i o n  t e c h n i q u e s  i n t o  a c o h e r e n t  
f r a m e w o r k .  M o r e  s p e c i f i c a l l y ,  we a t t e m p t e d  t o  i n c o r p o r a t e  t h e  
t h r e e  t e c h n i q u e s  i n t o  a p r e v i o u s l y  d e v e l o p e d  s p e c i f i c a t i o n  
1 a n g u a g e .  
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The  " S p e c i f i c a t i o n  a n d  V e r i f i c a t i o n "  t a s k  a c h i e v e d  o n e  o f  
i t s  p r i n c i p a l  g o a l s :  a f r a m e w o r k  f o r  r i g o r o u s l y  s p e c i f y i n g  t h e  
b e h a v i o r  o f  r e a l - t i m e ,  d i s t r i b u t e d  s y s t e m s .  T h e  f r a m e w o r k  i s  
b a s e d  o n  t h e  w i d e s p r e a d  v i e w  o f  a c o n c u r r e n t / d i s t r i b u t e d  s y s t e m  
a s  a c o l l e c t i o n  o f  i n t e r a c t i n g  p r o c e s s e s .  U n l i k e  p r e v i o u s  
a p p r o a c h e s ,  h o w e v e r ,  n o  a s s u m p t i o n s  a r e  made a b o u t  t h e  
m e c h a n i s m s  f o r  p r o c e s s  s y n c h r o n i z a t i o n  a n d  c o m m u n i c a t i o n .  One 
i s  a b l e  t o  d e s c r i b e  t h e  b e h a v i o r a l  c o n s t r a i n t s  i m p o s e d  b y  s u c h  
m e c h a n i s m s  w i t h o u t  b e i n g  f o r c e d  t o  c o n s i d e r  t h e  d e t a i l s  o f  
p r o c e s s  i n t e r a c t i o n .  A k e y  e l e m e n t  o f  t h e  f r a m e w o r k  i s  a 
f o r m a l  l a n g u a g e  t h a t  p e r m i t s  t h e  e x p r e s s i o n  o f  a b r o a d  r a n g e  o f  
l o g i c a l  a n d  t i m i n g  d e p e n d e n c i e s ,  many o f  w h i c h  a r e  
i n e x p r e s s i b l e  w i t h  e x i s t i n g  t e c h n i q u e s .  
T h e  t e c h n i q u e  i n c o r p o r a t e s  a n u m b e r  o f  c o n c e p t u a l  a n d  
t e c h n i c a l  a d v a n c e s :  
- A f o r m a l  s y s t e m s  m o d e l  h a s  b e e n  d e v e l o p e d  t h a t  
a c c o m m o d a t e s  m u l t i p l e  p r o c e s s e s  i n t e r a c t i n g  b o t h  
s y n c h r o n o u s l y  and  a s y n c h r o n o u s l y .  T h i s  c a p a b i 1 i t . y  
i s  made p o s s i b l e  b y  a n o v e l  a p p r o a c h  t h a t  s e p a r a t e s  
a s p e c i f i c a t i o n  i n t o  a s y n c h r o n i c  p a r t  a n d  a l o g i c a l  
p a r t .  
- A new l a n g u a g e  f o r  d e s c r i b i n g  c o m p l e x  l o g i c a l  a n d  
t i m i n g  r e l a t i o n s h i p s  h a s  b e e n  d e v e l o p e d .  The  
l a n g u a g e ,  w h o s e  f o r m u l a s  r e s e m b l e  B o o l e a n  e x p r e s s i o n s ,  
i s  b a s e d  o n  t h e  f i v e  l o g i c a l  p r i m i t i v e s :  ' n o t ' ,  ' a n d ' ,  
' a n d  n e x t ' ,  ' a n d  n e x t * '  a n d  ' r e v e r s e ' .  T h r o u g h  
t h e  u s e  o f  h i g h e r - l e v e l  c o n s t r u c t s ,  i t  i s  p o s s i b l e  
t o  w r i t e  s p e c i f i c a t i o n s  i n  a f o r m  t h a t  a p p r o a c h e s  
n a t u r a l  E n g l i s h .  
- A way h a s  b e e n  f o u n d ,  u s i n g  t h e  s y n t a x  o f  t h e  Ada 
p r o g r a m m i n g  l a n g u a g e ,  t o  i n t e g r a t e  t h e  c o n c e p t  o f  
a b s t r a c t  d a t a  t y p e  i n t o  t h e  s p e c i f i c a t i o n  t e c h n i q u e .  
The  s p e c i f i c a t i o n  a p p r o a c h  c a n  t h u s  be s e e n  a s  a way 
o f  m a k i n g  f o r m a l ,  i m p l e m e n t a t i o n - i n d e p e n d e n t  s t a t e m e n t s  
a b o u t  t h e  i n t e n d e d  b e h a v i o r  o f  Ada o b j e c t s .  
T h e s e  r e s u l t s  a r e  d e s c r i b e d  i n  p u b l i c a t i o n  5 .  
Work r e m a i n i n g  o n  t h e  d e v e l o p m e n t  o f  t h e  s p e c i f i c a t i o n  
f r a m e w o r k  f a l l s  i n t o  t h r e e  m a i n  a r e a s :  
- I m p r o v e m e n t s  a n d  E x t e n s i o n s  - -  T h e  n e e d  t o  i m p r o v e  
a n d  e x t e n d  t h e  f r a m e w o r k  w i l l  i n e v i t a b l y  a r i s e  a s  
a p p l i c a t i o n s  e x p e r i e n c e  i s  g a i n e d .  One a r e a  i n  n e e d  
o f  i m p r o v e m e n t  t h a t  h a s  a l r e a d y  b e e n  i d e n t i f i e d  i s  
t h e  s y n c h r o n i c  s t r u c t u r e ,  w h i c h  i s  p r e s e n t l y  l i m i t e d  
i n  t h e  s o r t s  o f  s y n c h r o n i c  r e l a t i o n s h i p s  i t  c a n  
e x p r e s s .  
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- V e r i f i c a t i o n  C a p a b i l i t i e s  - -  A l t h o u g h  t h e  d e s i r e  t o  
r i g o r o u s l y  v e r i f y  s y s t e m  b e h a v i o r  h a s  p r o v i d e d  much  
o f  t h e  i m p e t u s  f o r  t h e  p r e s e n t  e f f o r t ,  t h e  i s s u e  o f  
v e r i f i c a t i o n  h a s  n o t  b e e n  a d d r e s s e d .  P r o g r e s s  i n  t h i s  
a r e a  h a s  b e e n  made u n d e r  p r i o r  f u n d i n g ,  b u t  s u b s t a n t i a l  
w o r k  r e m a i n s .  
- H i e r a r c h i c a l  S p e c i f i c a t i o n  - -  C o m p o s i n g  ( o r  d e c o m -  
p o s i n g )  a s p e c i f i c a t i o n  i n  a h i e r a r c h i c a l  f a s h i o n  i s  
t h e  m o s t  e f f e c t i v e  way o f  d e a l i n g  w i t h  c o m p l e x i t y .  
T h e  a p p r o p r i a t e  m e c h a n i s m s  f o r  ' c o n n e c t i n g '  d i f f e r e n t  
l e v e l s  o f  a h e i r a r c h i c a l  s p e c i f i c a t i o n  n e e d  t o  b e  
e x p l o r e d .  
Management  o f  S o f t w a r e  D e v e l o p m e n t  -- P r o f e s s o r  S t u a r t  
M a d n i c k  o f  t h e  M I T  S1 o a n  S c h o o l  o f  Management  was r e s p o n s i b l e  
f o r  t h i s  r e s e a r c h  t a s k .  G r a d u a t e  s t u d e n t  R e s e a r c h  A s s i s t a n t  
T a r e k  A b d e l - H a m i d  a l s o  p a r t i c i p a t e d  i n  t h i s  e f f o r t .  The  p a s t  
d e c a d e  h a s  w i t n e s s e d  t h e  d e v e l o p m e n t  o f  a l a r g e  n u m b e r  o f  
s o f t w a r e  e n g i n e e r i n g  t o o l s  and t e c h n i q u e s  f o r  i m p r o v i n g  t h e  
d e v e l o p m e n t  o f  s o f t w a r e  s y s t e m s .  D u r i n g  t h e  same t i m e ,  
r e s e a r c h  i n  t h e  b e h a v i o r a l  s c i e n c e s  c o n t i n u e d  t o  p r o d u c e  d o z e n s  
o f  o t h e r  t o o l s  and  m e t h o d s  t o  i m p r o v e  o r g a n i z a t i o n a l  
f u n c t i o n i n g  a n d  e f f e c t i v e n e s s .  A s  a r e s u l t  o f  t h e s e  
d e v e l o p m e n t s ,  s o f t w a r e  p r o j e c t  m a n a g e r s  t o d a y  h a v e  a t  t h e i r  
d i s p o s a l  a n  a b u n d a n c e  o f  s o p h i s t i c a t e d  t o o l s  t h a t  a r e  
p o t e n t i a l l y  u s e f u l  i n  h e l p i n g  t h e m  m a i n t a i n  o r  i n c r e a s e  
o r a a n i z a t i o n a l  e f f e c t i v e n e s s .  ., 
T h e  o b j e c t i v e  o f  t h i s  r e s e a r c h  e f f o r t  was - n o t  t o  p r o v i d e  
a n o t h e r  s p e c i f i c  s o f t w a r e  e n g i n e e r i n g  t o o l .  I n s t e a d ,  i t  o f f e r s  
a n  i n t e g r a t i v e  p e r s p e c t i v e  on s o f t w a r e  p r o j e c t  d y n a m i c s  t h a t  
c a n  h e l p  m a n a g e r s  a n s w e r  t h e  d i f f i c u l t  q u e s t i o n s  t h e y  n e e d  t o  
r a i s e  when a s s e s s i n g  t h e i r  o r q a n i z a t i o n s '  h e a l t h ,  s e l e c t i n g  
i m p r o v e m e n t  t o o l s  ( f r o m  t h e  many t h a t  a r e  a l r e a d y  a v a i l a b l e ) ,  
a n d  i m p l e m e n t i n g  t h e i r  c h o i c e s .  
T o  a c c o m p l i s h  t h i s ,  we d e v e l o p e d  a n  i n t e g r a t i v e  s y s t e m  
d y n a m i c s  m o d e l  o f  s o f t w a r e  p r o j e c t  m a n a g e m e n t  d y n a m i c s .  
H o w e v e r ,  u s i n g  a n  i n t e g r a t i v e  m o d e l  m e r e l y  t o  " a l e r t "  
m a n a g e r s  t o  a l l  t h e  i m p o r t a n t  a s p e c t s  o f  a p r o b l e m ,  w h i l e  
c l e a r l y  u s e f u l  and  e s s e n t i a l ,  i s  d e f i n i t e l y  n o t  e n o u g h .  
B e c a u s e  s u c h  a m o d e l  w i l l  u n d o u b t e d l y  c o n t a i n  a l a r g e  n u m b e r  o f  
c o m p o n e n t s  w i t h  a c o m p l e x  n e t w o r k  o f  i n t e r r e l a t i o n s h i p s ,  we 
m u s t ,  i n  a d d i t i o n ,  p r o v i d e  an e f f e c t i v e  means  t o  d e t e r m i n e  b o t h  
a c c u r a t e l y  and e f f i c i e n t l y  t h e  d y n a m i c  b e h a v i o r  i m p l i e d  b y  s u c h  
c o m p o n e n t  i n t e r a c t i o n s .  And t h i s ,  i t  t u r n s  o u t ,  i s  q u i t e  
c h a l l e n g i n g  t o  a c h i e v e .  
E x p e r i e n c e  f r o m  w o r k i n g  w i t h  m a n a g e r s  i n  many e n v i r o n m e n t s  
i n d i c a t e s  t h a t  t h e y  a r e  g e n e r a l l y  a b l e  t o  s p e c i f y  t h e  d e t a i l e d  
r e l a t i o n s h i p s  and  i n t e r a c t i o n s  among m a n a g e r i a l  p o l i c i e s ,  
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r e s o u r c e s ,  a n d  p e r f o r m a n c e .  However ,  m a n a g e r s  a r e  u s u a l l y  
u n a b l e  t o  d e t e r m i n e  a c c u r a t e l y  t h e  d y n a m i c  b e h a v i o r  i m p l i e d  b y  
t h e s e  r e l a t i o n s h i p s .  Human i n t u i t i o n ,  s t u d i e s  h a v e  shown,  i s  
i l l - s u i t e d  f o r  c a l c u l a t i n g  t h e  c o n s e q u e n c e s  o f  a l a r g e  n u m b e r  
o f  i n t e r a c t i o n s  o v e r  t i m e .  
B y  u t i l i z i n g  t h e  s i m u l a t i o n  t e c h n i q u e s  o f  s y s t e m  d y n a m i c s  
i n  t h i s  r e s e a r c h  e f f o r t  we, t n u s ,  c o m b i n e d  t h e  s t r e n g t h s  o f  
m a n a g e r s  w i t h  t h e  s t r e n g t h s  o f . t h e  c o m p u t e r .  T h e  m a n a g e r  a i d s  
b y  s p e c i f y i n g  r e l a t i o n s h i p s  w i t h i n  t h e  s o f t w a r e  p r o j e c t  
m a n a g e m e n t  s y s t e m ,  t h e  c o m p u t e r  t h e n  c a l c u l a t e s  t h e  d y n a m i c  
c o n s e q u e n c e s  o f  t h e s e  r e l a t i o n s h i p s .  
C o n s i d e r a b l e  p r o g r e s s  w a s  made t o w a r d  t h e  o b j e c t i v e  s t a t e d  
a b o v e :  
F i r s t ,  we c o m p l e t e d  t h e  d e v e l o p m e n t  o f  a n  i n t e g r a t i v e  
s y s t e m  d y n a m i c s  m o d e l  o f  s o f t w a r e  d e v e l o p m e n t  p r o j e c t  
m a n a g e m e n t .  T h e  m o d e l  c o m p l e m e n t s  a n d  b u i l d s  u p o n  c u r r e n t  
r e s e a r c h  e f f o r t s ,  w h i c h  t e n d  t o  f o c u s  o n  t h e  m i c r o  c o m p o n e n t s  
( e . g . ,  s c h e d u l i n g ,  p r o g r a m m i n g ,  p r o d u c t i v i t y  ,... e t c . ) ,  b y  
i n t e g r a t i n g  o u r  k n o w l e d g e  o f  t h e s e  m i c r o  c o m p o n e n t s  i n t o  a n  
i n t e g r a t e d  c o n t i n u o u s  v i e w  o f  t h e  s o f t w a r e  d e v e l o p m e n t  p r o c e s s .  
S e c o n d ,  a c a s e - s t u d y  was c o n d u c t e d  a t  N A S A ' s  G o d d a r d  S p a c e  
F l i g h t  C e n t e r  t o  t e s t  t h e  m o d e l .  The  m o d e l  was h i g h l y  a c c u r a t e  
i n  r e p l i c a t i n g  t h e  a c t u a l  d e v e l o p m e n t  h i s t o r y  o f  t h e  D E A  
s o f t w a r e  p r o j e c t .  P r o j e c t  v a r i a b l e s  t r a c k e d  i n c l u d e d :  t h e  
w o r k f o r c e  l e v e l ,  t h e  s c h e d u l e ,  t h e  c o s t ,  e r r o r  g e n e r a t i o n  a n d  
d e t e c t i o n ,  a n d  p r o d u c t i v i t y .  
s t u d y / p r e d i c t  t h e  d y n a m i c  i m p l i c a t i o n s  o f  an  a r r a y  o f  
m a n a g e r i a l  p o l i c i e s  and  p r o c e d u r e s .  F o u r  a r e a s  w e r e  s t u d i e d :  
(1) s c h e d u l i n g ;  ( 2 )  c o n t r o l ;  ( 3 )  q u a l i t y  a s s u r a n c e ;  and  ( 4 )  
s t a f f i n g .  The  e x e r c i s e  p r o d u c e d  t h r e e  k i n d s  o f  r e s u l t s :  (1) 
u n c o v e r e d  d y s f u n c t i o n a l  c o n s e q u e n c e s  o f  some c u r r e n t l y  a d o p t e d  
p o l i c i e s  ( e . g . ,  i n  t h e  s c h e d u l i n g  a r e a ) ;  ( 2 )  p r o v i d e d  
g u i d e l i n e s  f o r  m a n a g e r i a l  p o l i c y  ( e . g . ,  o n  t h e  a l l o c a t i o n  o f  
q u a l i t y  a s s u r a n c e  e f f o r t ) ;  and ( 3 )  p r o v i d e d  new i n s i g h t s  i n t o  
s o f t w a r e  p r o j e c t  phenomena  ( e . g . ,  B r o o k s  L a w ) .  T h e s e  m a t t e r s  
a r e  d i s c u s s e d  f u l l y  i n  p u b l i c a t i o n s  6 a n d  7 .  
T h i r d ,  t h e  m o d e l  was u s e d  a s  an  e x p e r i m e n t a t i o n  v e h i c l e  t o  
T h e  S o f t w a r e  E n v i r o n m e n t  f o r  C o n c u r r e n t  C o m p u t i n g  - -  
T h i s  w o r k  was l e d  b v  V i r a i n i a  K l e m a  o f  t h e  M I T  C o n c u r r e n t  
C o m p u t i n g  G r o u p .  W b r k i n g  w i t h  h e r  w e r e  s t a f f  member E l i z a b e t h  
D u c o t  a n d  g r a d u a t e  s t u d e n t  R i c h a r d  K e f s .  T h i s  w o r k  h a s  b e e n  
a u g m e n t e d  b y  t h e  c l o s e  c o o p e r a t i o n  o f  P r o f e s s o r  G e o r g e  C y b e n k o  
o f  t h e  T u f t s  U n i v e r s i t y  D e p a r t m e n t  o f  C o m p u t e r  S c i e n c e  a n d  h i s  
g r a d u a t e  s t u d e n t s  D a v i d  Krumme and  K . N .  V e n k a t a r a m a n .  
i n  c o m p u t e r  s c i e n c e  i s  c o n c u r r e n t  c o m p u t i n g .  T h e  C o n c u r r e n t  
C o m p u t i n g  G r o u p  a t  M I T  h a s  f o r  some t i m e  b e e n  s t u d y i n g  t h e  
i s s u e s  i n v o l v e d  i n  u s e  o f  c o n c u r r e n t  c o m p u t i n g  c a p a b i l i t i e s  t o  
e x e c u t e  d e m a n d i n g  a l g o r i t h m s .  T h i s  w o r k  i n c l u d e s  s t u d y  o f  t h e  
One o f  t h e  s t a t e d  p o i n t s  o f  f o c u s  o f  t h e  N A S A  i n i t i a t i v e  
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d e t a i l s  o f  h a r d w a r e  o r g a n i z a t i o n ,  t h e  d e s i g n  o f  a l g o r i t h m s  
i n t e n d e d  f o r  e x e c u t i o n  o n  a c o l l e c t i o n  o f  c o m p u t e r s ,  a n d  t h e  
e n v i r o n m e n t  i n  w h i c h  t h e  n e c e s s a r y  s o f t w a r e  i s  d e v e l o p e d .  The  
c o m p u t i n g  e n v i r o n m e n t  w h i c h  i s  u s e d  f o r  e x p e r i m e n t a l  s u p p o r t  o f  
t h i s  w o r k  i s  p i c t u r e d  i n  t h e  a t t a c h e d  f i g u r e .  
T h e  w o r k  u n d e r  t h i s  g r a n t  was c o n c e n t r a t e d  o n  t h e  s o f t w a r e  
e n v i r o n m e n t  f o r  c o n c u r r e n t  c o m p u t i n g  w i t h  m i c r o p r o c e s s o r - b a s e d  
s y s t e m s .  A m a j o r  a c c o m p l i s h m e n t  h a s  b e e n  t h e  f i r s t - d r a f t  
d e f i n i t i o n  o f  a c o n c u r r e n t  t a s k e r  t o  i n t e r f a c e  w i t h  t h e  I n t e l  
i R M X  o p e r a t i n g  s y s t e m .  T h i s  p r o v i d e s  t h e  v e h i c l e  t h a t  i n s t a l l s  
c o d e  a n d  d a t a  s e g m e n t s  i n  t h e  d i s t r i b u t e d  c o m p u t e r s  and  
m o n i t o r s  e x e c u t i o n  on and  among t h e  c o m p u t e r  p r o c e s s i n g  
e l e m e n t s .  The  i n t e n t  o f  t h i s  t a s k e r  i s  t o  p r o v i d e  t h e  u s e r  a 
c o n v e n i e n t  e n v i r o n m e n t  i n  w h i c h  t o  s p e c i f y  h i s  c o n c u r r e n t  
c o m p u t i n g  p r o c e s s .  A summary o f  t h i s  i n i t i a l  e f f o r t  i s  g i v e n  
i n  p u b l i c a t i o n  8. 
O t h e r  r e s e a r c h  r e l a t e d  t o  m u l t i p r o c e s s o r  s y s t e m s  a n d  
p a r a l l e l  c o m p u t a t i o n a l  a l g o r i t h m s  i s  r e p o r t e d  i n  p u b l i c a t i o n s  9 
a n d  1 0 .  
P a r a l l e l  A l g o r i t h m s  and  A r c h i t e c t u r e s  f o r  t h e  S o l u t i o n  o f  
P a r t i a l  D i f f e r e n t i a l  E q u a t i o n s  - -  P r o f e s s o r  B e r n a r d  L e v y  
o f  t h e  M I T  D e p a r t m e n t  o f  E l e c t r i c a l  E n g i n e e r i n g  a n d  C o m p u t e r  
S c i e n c e  was r e s p o n s i b l e  f o r  t h i s  r e s e a r c h  e f f o r t .  W o r k i n g  w i t h  
h i m  w e r e  P r o f e s s o r  B r u c e  M u s i c u s  a n d  g r a d u a t e  s t u d e n t  J a y  K u o ,  
a l s o  o f  t h i s  d e p a r t m e n t .  
a l g o r i t h m s  and  a r c h i t e c t u r e s  f o r  t h e  n u m e r i c a l  s o l u t i o n  o f  
p a r t i a l  d i f f e r e n t i a l  e q u a t i o n s .  ( P D E s ) .  The  e f f o r t  was 
f o c u s e d  p r i m a r i l y  o n  e l l i p t i c  PDEs a n d  o n  t h e  u s e  o f  
m e s h - c o n n e c t e d  a r r a y s  o f  p r o c e s s o r s ,  o r  p y r a m i d a l  a r r a y s ,  f o r  
t h e i r  s o l u t i o n .  M o s t  schemes  w h i c h  h a v e  b e e n  p r o p o s e d  u p  t o  
t h i s  p o i n t  a r e  o n l y  p a r a l l e l  i m p l e m e n t a t i o n s  o f  P D E  a l g o r i t h m s  
w h i c h  w e r e  d e v e l o p e d  f o r  Von-Neumann ( s i n g l e  p r o c e s s o r )  
c o m p u t e r s .  I n  c o n t r a s t ,  we h a v e  t r i e d  t o  d e v e l o p  a l g o r i t h m s  
w h i c h  t a k e  f u l l  a d v a n t a g e  o f  t h e  p a r a l l e l i s m  w h i c h  i s  p r o v i d e  
b y  m u l t i p r o c e s s o r  a r c h i t e c t u r e s .  The  m a i n  f e a t u r e  o f  t h e s e  
a l g o r i t h m s  i s  t h a t  t h e i r  c o m m u n i c a t i o n  r e q u i r e m e n t s  h a v e  t o  b e  
t a k e n  e x p l i c i t l y  i n t o  a c c o u n t  when e v a l u a t i n g  t h e i r  c o m p l e x i t y .  
T o  s e e  t h i s ,  n o t e  t h a t  g l o b a l  c o m m u n i c a t i o n s  o n  a s q u a r e  a r r a y  
o f  N x N  p r o c e s s o r s  t a k e  O ( N )  t i m e ,  w h e r e a s  l o c a l  c o m m u n i c a t i o n s  
b e t w e e n  a p r o c e s s o r  and  i t s  n e a r e s t  n e i g h b o r s  t a k e  o n l y  o n e  
t i m e  u n i t .  T h i s  h a s  m o t i v a t e d  t h e  d e v e l o p m e n t  o f  a l o c a l  
r e l a x a t i o n  m e t h o d  o f  s o l v i n g  e l l i p t i c  PDEs, w h e r e  i n s t e a d  o f  
u s i n g  a s i n g l e  r e l a x a t i o n  p a r a m e t e r  a s  i n  D a v i d  Y o u n g ' s  
s u c c e s s i v e  o v e r r e l a x a t i o n  ( S O R )  m e t h o d ,  w e  u s e  a s e t  o f  l o c a l  
r e l a x a t i o n  f a c t o r s  w h i c h  a r e  d e t e r m i n e d  l o c a l l y .  T h i s  m e t h o d  
was shown t o  c o n v e r g e ,  and e v e n  o n  a s i n g l e  p r o c e s s o r  c o m p u t e r ,  
i t  i s  f a s t e r  t h a n  S O R .  F u r t h e r m o r e ,  i t  c a n  b e  i m p l e m e n t e d  i n  
p a r a l l e l ,  w h e r e a s  t h e  SOR m e t h o d  i s  n o t  p a r a l l e l i z a b l e ,  s o  t h a t  
T h e  m a i n  f o c u s  o f  t h i s  r e s e a r c h  was t o  d e v e l o p  p a r a l l e l  
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on an array of M processors, it is at least M times faster than 
S O R .  This method is described i n  publication 11. 
multigrid algorithms for the solution of elliptic P D E s .  
Multigrid algorithms are the fastest of the algorithms 
currently available for solving elliptic P D E s  on 
single-processor computers. Furthermore, they are based on a 
relaxation principle, so that they are parallelizable. The 
only difficulty which has not yet been overcome is to figure 
out how to run all grids (coarse and fine) i n  parallel. The 
parallel multigrid technique that has been developed relies on 
the observation that each grid can be viewed as computing a 
different frequency band o f  the solution, and that the transfer 
from a fine grid to a coarse grid can be viewed as a band pass 
filtering operation. From this point of view multigrid methods 
are similar to multirate digital signal processing techniques, 
and we have been using this insight to develop the parallel 
multigrid procedure. In addition, we have developed a 
frequency dependent finite-difference discretization technique 
which can be used to discretize a given P D E  optimally at each 
grid level. This method is currently being implemented, and 
the results will be described in a technical report. 
Work has also progressed on the development o f  parallel 
P u b l i c a t i o n s  a n d  P r e s e n t a t i o n s  
1. 
2. 
3 .  
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